Breast cancer is a heterogeneous disease and stratification of tumors is paramount to achieve better clinical outcomes. While it is common to stratify and treat breast tumors as a single entity, insights from studies on intra-tumoral heterogeneity and cancer stem cells raise the possibility that multiple breast cancer subtypes may co-exist within a tumor. A role for plasticity in driving dynamic conversions between breast cancer subtypes is proposed and the clinical implications would be a need for combinatorial therapeutic strategies that account for the discrete disease entities and their plasticity. Accordingly, the advent of single-cell technologies will be crucial in enabling the diagnosis and stratification of distinct disease subtypes down to the cellular level.
with these advancements, efforts to further segregate some of the established histological subtypes have also been carried out for ER-negative and triple-negative breast cancers [5, 6] . These studies have identified at least four distinct subtypes of ER-negative breast cancer and six triple-negative breast cancer subtypes respectively. The progress made in these areas highlights the intricate complexity of breast cancer subtypes and it is likely that more defined and precise characterizations based on new parameters (e.g. metabolites) will be uncovered in the future. Notably however, a gap exists between research methods and current clinical practice. Although intrinsic subtyping of breast cancer has been employed in the research setting for more than a decade [1] , PAM50 genomic tests (e.g. Prosigna) have not been utilized specifically for breast cancer subtyping in the clinic. On the other hand, it would also be crucial to be able to identify and continuously develop targeted therapeutics to match and improve the outcomes of each emerging subtype. Progress in the ability to identify breast cancer subtypes in precise detail, along with the availability of therapeutics directed against each breast cancer subtype's Achilles heel could then enable more personalized approaches that are in line with precision oncology. Here we review current evidence that supports the idea of multiple breast cancer subtypes co-existing within a tumor, with an emphasis on cell state plasticity as a driving force behind the emergence of distinct disease entities. Consequently, we discuss the clinical implications of co-existing breast cancer subtypes and a prospective role for single-cell technologies in enabling diagnosis of breast cancer at the cellular level.
Cancer stem cells: A source of non-genetic heterogeneity
The concept of cancer stem cells (CSCs) has been around for many decades [7] and is still evolving [8] . A key tenet that has remained consistent is the functional heterogeneity in terms of tumor initiating capacity that can be observed between tumor cells [9] [10] [11] . In breast cancers, although tumor cells are organized in a hierarchical manner where CSCs exhibit features of stem/progenitor cells [11] , there is plasticity which allows the acquisition of CSC traits by bulk tumor cells [12] . Accordingly, it is conceivable that dynamic conversions as a result of differentiation and plasticity can give rise to tumors with cells that correspond to distinct differentiation states of the normal mammary gland hierarchy [13, 14] . Due to the plasticity of tumor cells, therapeutic strategies will need to consider all the cell types within the hierarchical structure of the tumor and not just CSCs alone, since re-emerging CSC populations can arise from bulk tumor cells [15, 16] .
It is also worth noting that the hierarchical structures in breast tumors need not necessarily be confined to a binary organization consisting of CSCs and bulk tumor cells. A continuum of differentiation states that are reflective of the normal mammary hierarchy (Figure 1 ) is plausible and would result in hierarchical heterogeneity within breast tumors [11, 14] . With regards to this, multiple independent studies have observed the presence of minimally overlapping distinct CSC populations within tumors based on the expression of established CSC markers such as CD44 hi /CD24 − , ALDH + , CD133 + or CD29 hi /CD61 + [13, [17] [18] [19] . The heterogeneity of the observed CSC populations could be a representation of the diversity in normal mammary stem/progenitor cells that are spatially and temporally regulated [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . This is in line with the view that there can be "mesenchymal-oriented breast CSCs" and "epithelial-like breast CSCs" which are more similar to adult mammary stem cells (aMaSCs) and fetal MaSCs (fMaSCs), respectively [22, 31] . Although a common view in the CSC paradigm is that cells with the least differentiated state (at the apex of the hierarchy) would exhibit the most malignant traits (e.g. increased tumorigenic potential), this may be a generalization that need not necessarily hold true in every case. In fact, there are reports of more differentiated luminal breast cancer cells exhibiting equal tumor initiating capacity as basal/stem-like breast cancer cells [13, 19] . Further insights and elucidation of the normal mammary hierarchy, which are extensively covered by these reviews [20, 21, 32] , will be vital to the understanding of various distinct CSC populations in breast tumors. Additionally, comprehension of the intrinsic and niche factors that govern each of the normal mammary stem/progenitor cell states may shed light on the vulnerabilities of distinct CSC populations. This is especially important since there are indications that distinct CSCs may have differential susceptibilities to targeted therapies against CSC-associated pathways such as Notch, Stat3 and TGF-beta [13, 33] .
As a whole, the CSC concept has brought about urgency to account for intra-tumoral heterogeneity when it comes to administration of therapeutics [11] . Nevertheless, the emergence of distinct breast CSC populations that can co-exist within tumors adds to this complexity [13, 17, 18] . By extension, the same underlying principles of stratifying bulk tumors to account for inter-tumor heterogeneity can be applied to guide the administration of therapeutics for heterogeneous breast CSCs and hierarchical heterogeneity within a tumor. However, a key difference would be the requirement for diagnosis of breast tumors at the cellular level rather than the tumor as a bulk entity. Some of the potential single-cell technologies that may enable such diagnoses will be discussed in a later section.
Differentiation states of normal mammary hierarchy and intrinsic molecular subtypes of breast cancer
The idea that distinct breast cancer subtypes each correspond to a differentiation state of mammary cells represents a convergence point between normal mammary gland biology and breast cancer biology ( Figure 1 ) [32, 34] . Although cancer cells of a particular differentiation state may only be 'caricatures' and not exactly resemble their normal counterparts [4] , the ability to recognize a differentiation state that is most similar could still be helpful, just as with the stratification of patients based on intrinsic molecular subtypes [1] . Conceptually, if this is applied to the observation of hierarchical heterogeneity/ heterogeneous CSC populations within breast tumors [13, 17, 18] , it can be inferred that multiple breast cancer subtypes can co-exist within a tumor. Moreover, if we assume that the hierarchical heterogeneity/heterogeneous CSC populations exist in a dynamic equilibrium that is governed mainly by differentiation and plasticity, it is possible that breast tumors consist of a mixture of inter-converting breast cancer subtypes.
Plasticity of breast cancer subtypes
While this may be a provocative notion, there are several studies which support the argument that breast cancer cells can interconvert between distinct disease subtypes. Integral to this notion is a study where isogenic MCF-7 cells contextually displayed gene expression patterns of either luminal-A cell lines or basal-like cell lines, when injected intra-ductally Yeo through the teat or into the mammary fat pad of female SCID/Beige mice respectively [35] . This highlights the possibility of breast cancer subtype plasticity [35] and a role for the tumor microenvironment in regulating it. Most recently, Ror2 (an alternative Wnt signaling receptor) has been shown to negatively regulate distinct claudin-low sub-populations within TP53-null mammary tumors that were classified as basal-like [36] . This study illustrates the co-existence of claudin-low and basal-like subtypes within tumors and the potential for plasticity between them through balancing canonical and alternative Wnt signaling [36] . Studies on circulating tumor cells (CTCs) from patients with primary breast tumors classified as ER +/ Her2 − also indicate the potential for breast cancer subtype plasticity [33] . Isolated CTCs that were Her2 + and Her2 − exhibited distinct phenotypes and therapeutic vulnerabilities but were plastic and able to inter-convert, illustrating the plasticity in Her2 expression, one of three markers frequently employed in histological subtype stratification [33] . All these examples illustrate reversible conversions in breast cancer subtypes.
In the case of comparisons between primary tumors and corresponding metastases, there will be spatial and temporal factors that could potentially influence subtype switching. It is well documented that biopsies from geographically separated tumor areas display marked subclonal diversity [37] . Longitudinal studies that involve serial assessment of multiple tissue and liquid biopsies also reflect changes in sub-clonal populations that correspond to disease progression and differential responses to therapy [38] . Importantly, there is evidence that demonstrates intrinsic subtype switching in breast cancer brain metastases relative to primary tumors [39] . In this particular study, molecular changes in Her2 and intrinsic subtype switching to Her2-enriched subtypes can be associated with brain metastasis, indicating that the brain micro-environment may favor the progression of Her2 driven malignancies. In a separate study, PAM50 subtype classification of 123 paired primary and metastatic breast tumors revealed that subtype switching does indeed occur predominantly in cases where the primary tumors were classified as luminal A, luminal B or Her2-enriched [40] , albeit these subtype switches could be driven by other mechanisms such as clonal evolution rather than plasticity. Notwithstanding that, evidence for a hierarchical model in breast cancer metastases has been reported [41] . Single cell analyses of metastatic cells implicates a stem-cell gene expression pattern in the initiation of metastasis, which is ensued by differentiation into more luminal-like cells that drive advanced metastatic disease [41] . One may view this as plasticity between a stem/basal-like disease subtype and a more differentiated/luminal disease subtype that occurs through the metastatic cascade.
Implications of multiple breast cancer subtypes within a tumor
If we view the hierarchical heterogeneity within breast tumors as a culmination of distinct disease subtypes, the direct clinical implication would be the application of similar stratification strategies as per the heterogeneity observed between patients (Figure 2 , Key Figure) . Consequently, combinations of the respective therapeutic agents that are most effective for each of the subtypes present can be utilized together to minimize the probability of resistant residual populations from recurring. With this viewpoint in mind, it has been shown that Trastuzumab, when administered in an adjuvant setting, can limit the progression of ER + /Her2 − luminal xenografted tumors [42] . The authors ascribed these positive responses in luminal Her2 − tumors to the effects on sub-populations of Her2 + CSCs [42] .
These observations are in agreement with the existence of distinct Her2 + and Her2 − breast cancer subtypes co-existing within a tumor [33] and also illustrate the potential benefits of administering targeted therapeutics against sub-populations that do not fall under the classification of the bulk tumor subtype. In line with this, the therapeutic potential of targeting Her2 + CTCs with trastuzumab as an adjuvant treatment in Her2 − early breast cancer patients is being examined in an ongoing phase-2 clinical trial, TREAT-CTC (NCT01548677), exemplifying the use of liquid biopsies in a clinical setting [43] . The impetus for classification of such sub-populations as separate disease subtypes rather than painting them with a broad brush with the general term CSCs is mainly due to the existence of distinct CSC populations [13, [17] [18] [19] . As mentioned before, there could be CSCs that are 'caricatures' of normal fMaSCs, aMaSCs, unipotent stem/progenitors and parity inducedmammary epithelial cells (PI-MECs) [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] .
An alternative approach to combinatorial targeting of distinct breast cancer subtypes is to limit the plasticity within tumors. The epithelial-to-mesenchymal transition (EMT) process has been shown to enable the acquisition of stem-like properties in normal and malignant mammary cells, indicating that the EMT process could be key in cell state plasticity [12, 22] . Protein Kinase C alpha (PKCα) has been shown to be a central signaling node that regulates EMT and could potentially be targeted to curb plasticity, alongside other EMT inducing pathways such as TGF-beta, WNT and STAT3 [44, 45] . Interestingly, the claudin-low subtype of breast cancer is enriched with an EMT gene signature and stem cell-like features [34] . These observations raise the possibility that the EMT program could also potentially drive the plasticity of breast cancer cells towards the claudin-low subtype, thus contributing to the emergence of multiple breast cancer subtypes within tumors. Another potential class of therapeutic targets that could be instrumental in regulating cell state plasticity are epigenetic regulators [46] . As an example, histone-deacetylase inhibitors (e.g. suberoylanilide hydroxamic acid, abexinostat) have been shown to promote differentiation of breast cancer cells and limit the number of CSCs within tumors [47, 48] . The tumor microenvironment is also an important factor that contributes to the plasticity of cancer cells by establishing niches. Specifically, extra-cellular matrix (ECM) components such as periostin, ECM-receptors such as discoidin domain receptor 1 (DDR1) and respective downstream signaling molecules such as focal adhesion kinase (FAK) have been shown to be important in inducing cancer-stem cell phenotypes such as metastasis initiation and drug resistance [49] [50] [51] [52] . The milieu of other tumor-associated cell types which include fibroblasts, macrophages and endothelial cells could also contribute to the plasticity of tumor cells by producing paracrine or juxtacrine signals that induce a particular cell state and have been described in a recent review [53] .
Cooperativity between distinct disease subtypes in breast tumors
It is worth noting that although we have placed emphasis on non-genetic mechanisms as a driving force towards breast cancer subtype heterogeneity within a tumor, it is very likely that there can be genetic underpinnings. As pointed out in other reviews, [4, 32] clonal evolution and hierarchical heterogeneity are not mutually exclusive models, and are likely to be concurrently exerting their respective influences within breast tumors (Figure 3 ). Implicit in this view of multiple breast cancer subtypes is the potential for interactions between the disparate disease types, as applies generally to intra-tumoral heterogeneity (i.e. genetic clonal heterogeneity, epigenetic heterogeneity and noise-driven heterogeneity), which have been articulately reviewed [4, 32, 54] . These interactions may be cooperative, disruptive or neutral in nature, and instances of 'altruistic' clones which support the growth of breast tumors as a whole have been elegantly shown [55] [56] [57] . In addition, the cooperativity between distinct cell types can also drive invasion and metastasis [58] . It has been shown in MMTV-PyMT driven mammary tumors that luminal cell clusters invade together with leader cells that express K14 and exhibit basal features [58] . Interestingly in this case, the cooperating cell types can interconvert in response to the extracellular matrix, and enter the blood circulation as clusters prior to the formation of metastases [59] . Hence, knowledge of the entities present within a tumor could also be informative because the interactions between disease subtypes may bring about unanticipated characteristics (i.e. the whole is greater than the sum of its parts).
A perspective that heralds single-cell diagnostics?
Despite the potential benefits of subtyping breast cancer at the cellular level, there are certain practical challenges to the implementation of this concept. Recent advances in single-cell technologies may aid in addressing these perspectives and perhaps usher in its implementation. Critical to this may be the adaptation of these technologies to existing workflows in breast cancer diagnosis (e.g. the customary pathological analysis of formalinfixed paraffin embedded (FFPE) tissues or CTC isolation from liquid biopsies). Namely, single-cell sequencing of DNA/RNA, single cell epigenomic methods (e.g. HI-C, ATACseq), mass cytometry, mass cytometry imaging, multiplexed ion beam imaging (MIBI) and multiplexed fluorescence barcoding hybridization methods are the rapidly developing modalities that could be instrumental and the technical aspects of each methodology are described in more detail in the respective reviews [60] [61] [62] [63] [64] . In the case of FFPE based diagnosis, mass spectrometry based techniques have been employed to spatially unravel molecularly distinct tumor subpopulations with clinically relevant attributes [65, 66] . There is also potential for integration of multiple 'omics' platforms, since some of these massspectrometric methods are also amenable to parameters such as metabolites [67] . Beyond the ability to tease out the heterogeneity between tumor populations, the distribution and abundance of various stromal populations could also be mapped out concurrently with these methods. This is important because stromal composition can provide prognostic value [68] .
Concluding remarks
In summary, we have put forward a perspective that breast cancers may consist of multiple subtypes within a tumor and these separate disease entities could potentially be dynamic due to the plasticity of breast cancer cells. Application of single-cell technologies for diagnostic purposes will be essential in such a scenario and may provide better guidance when deciphering combinatorial treatment regimens. However, it is worth noting that a substantial gap exists between research methods and current clinical practice. As such, there are still practical and technical challenges that need to be addressed, if single-cell diagnostics were to be implemented in the clinic (see outstanding questions). 
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Observations of distinct co-existing cancer stem cell (CSC) populations within breast tumors constitute the need to shift from a simple binary view of the tumor hierarchy (CSC and bulk tumor cells) towards a spectrum of varying differentiation states.
Emerging evidence points to the potential existence of distinct breast cancer subtypes within a tumor and the possibility of these discrete disease subtypes to inter-convert through cell state plasticity.
The advent of single-cell technologies could potentially enable cancer diagnosis at the cellular level, creating a new dimension where precision medicine is tailored down to the cell and not just the individual patient. Yeo 
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Figure 1. Association between differentiation states of the mammary gland hierarchy and intrinsic breast cancer subtypes
Depiction of differentiation states within the normal mammary gland hierarchy during embryonic development as well as in the postnatal mammary gland. Corresponding intrinsic breast cancer subtypes which are most closely associated with each state are illustrated (on the right).
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Author Manuscript Illustrated are individual tumors (Tumors A-D) with cells occupying varying levels of the differentiation hierarchy within a tumor. Distinct differentiation states are illustrated in separate colors. Based on the presumption that each differentiation state is associated most closely with a particular breast cancer intrinsic subtype, this would imply that multiple breast cancer subtypes can co-exist in a tumor. As such, combinatorial therapeutic approaches which account for each disease subtype present may be required for improved efficacy of treatment. Yeo An illustration of intra-tumoral genetic heterogeneity as a result of clonal evolution (Each circle with varying color represents a different genetic subclone). In addition to the clonal diversity, each subclone may exhibit plasticity across a spectrum of differentiation states (Note: hierarchy and differentiation states are illustrated below each subclone, and subclones may exhibit plasticity across a different range of differentiation states).This integrated model illustrates the potential interplay between clonal evolution and hierarchical heterogeneity, where genetic sub-clones may have cells that span varying spectra of the differentiation hierarchy.
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